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FREE-FLIGHTPERFORMANCEOFA ROCKET-BOOSTED,AIR-LAUNCHED

16-INCH-DIAMWERRAM-JETENGINEATMACHNUMBERSUP TO 2.20

By JohnH. Disher,RobertC.Kohl,andMerleL.Jones

Theinvestigationof air-launchedram-jetengineshasbeenextended
to includea studyofmodelswitha nominaldesignfree-streamWch
nuniberof 2.40.Thesemodelsrequireauxilisrythrustinorderto
attaina flightspeedatwhichtheramjetbecomesself-accelerating.
A rocket-boostingtechniqueforprovid3ngthisauxiliarythrusti&
describedandt3mehistoriesoftworocket-boostedram-jetflightsare
presented.In oneflight,thenmdelattaineda maximumMachnuuiberof
2.20beforea fuelsystemfailureresultedinthedestructionof
theengine.Performancedataforthis
thrustanddragcoefficients,diffuser
ratio,combustionefficiency,specific
engineefficiency.

●

modelarepresentedintermsof
pressurerecovery,mass-flow
fuelconsumption,andover-all

INTRODUCTION

As psxt
engines,the
diameterram
froma carrierplaneathighaltitude.Duringdescent,performancedata
sreobtainedby mesmsoftelemeteringandradsr.

ofan extensiveprogramconcernedwiththestudyofram-set
NACALewislaboratoryis investigatinga seriesof 16-iuch-
jetsby launchingthesefin-stabilized,unguidedengines

Theinitialseriesof engines,designatedtypesA, B, C,andD,
hadsingleoblique-shock-typeinletsandweredesignedforobliqueshock
interceptionwiththediffuserlipat a free-streamMachnuuiberof 1.8.
Theseengines,whichhadmarginsof thrustoverdraginthetransonic
Machnuniberrange,werecapableof self-accelerationfromsubsonicto
supersonicspeeds.Resultsoftheseinvestigationsaredescribedin
references1 to 7. Uponcompletionof theinvestigationofthese -
engines,plansweremadetoextendtheMachnuuiberrangeoftheinvestig-
ation. A fixed-geometryenginewitha doubleoblique-shock-typedif-
fuseranda designfree-streamMachnuniberof 2.4wasselectedforthis
phaseoftheprogram.Thisram-jetenginehasbeendesignatedtypeF.

. Calculationof off-designperformanceof thisengineindicatedthatthe
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enginewasincapableof self-accelerationthroughthetransonicMach
nuniberrangeandthereforerocketboostwouldbe requtredforaccelera- n
tionfromthesubsoniclaunchingspeedtom.acceptablesupersonictake-
overspeedfortheramjet. WhilethetypeF enginewas,beingbuilt, ?.”preliminaryevaluationsofa boostingtechniqueweremadeby usingtype
C engines,whichwereavailable. —

Resultsofthesepreliminaryevaluationsof.theboostingtechnique
andresultsof a subsequentflightofthetypeF enginearedescribed
herein.Dataarepresentedondiffuserpressurerecovery,external ~drag,thrustcoefficient,combustionefficiency,s~ecificfuelconsunm- ~
tion~andengineefficiencyforthetypeF engineit Machnunibersfro~ Cv

1.5to 2.19andmass-flowratiosof0.65to 0.99.Ram-jetperformance
oftheC modelisnotincludedinasmuchasreference5 presentssimikr
data.

APPARATUS
A sketchofthetypeC enginewithrocketis showninfigure1 and

a detaileddescriptionoftheengineispresentedinreference5. A pho-
tographof.thetypeF enginemountedonthecarrierairplaneis shownin
figure2. A sketchofthetypeF enginewithrocketisshowninfigure3.
Thediffuserisofthedoubleoblique-shocktypewithno internalcon-
tractionandwithconehalf-anglesof 22° and 35°. TheCOW1 lip is posi-
tionedto intercepttheobliqueshocksata flightMachnumberof 2.4.
Inorderto obtainthemaxhumthrustinthelowerkch nuniberrange,a
straightpipeexitwasused.Withthisstraightpipe,theenginewas
designedtooperatecriticallywitha V2T (where u isequalto1
plusthefuel-airratioand T istheratioof exittotaltemperature
to inlettotaltemperature)of approximately3.6ata Machnumberof
2.0. Thisvalueof V2T correspondsto a burnedfuel-airratioof
about0.030at 12,000feetaltitudeandgivesa combustor-inletMachnum-
berinfrontoftheflameholderofapproximately0.23. Structuraltol-
erancesinbuildingtheenginealteredthesefiguressomewhatsothat
theactualcriticalvaluesof u2T andof cotiustion-chsmber-inletMach
numberapproxhate3.3and0.240,respectively.

Theboosterrocketsusedwerethe14-AS-1OOOandthe6-KS-3000,T-40
solidpropellantunits.The14-AS-1OOOunitwasusedinthepreliminary
investigationswhilethe6-KS-3000rocketwasusedfortheF model.The
14-AS-1OOOrocketproduces1000poundsoftkuwstfor14 secondsand
weighsapproximately195pounds;the6-KS-3000rocketisratedat
3000poundsof thrust for6 secondsat sealevelandweighs133pounds.
Therocketsweremountedwithinthecombustionchamberonrollersand
wereretainedintheengineby a shearpin. Withtherocketsmounted
internally,a smallershiftinthecenterofgravityofthebooster-
rsm~etcombinationwasobtainedthar”wouldbe obtainedwithexternal
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mounting,andtheneedforlargeboosterfinswaseliminated.Electric
heatingblanketsandinsulationwerecarriedwithinthesheetmetal
rockethousingfortemperaturecontroloftherocketgrain.

Therocketswereignitedby5-seconddelaysquibswhichwerefired
by a trailinglineastheenginelefttheairplane.Theracketthrust
shesredtheretainingpinandtiterburnout,therocketwasejectedby
dragforces.Inorderto obtainan adequateseparationforce,a
woodendragring,showninfi~e 3,wasattachedto therockethoustig.
A lanyardattachedtotheesectedrockettriggeredthefuelreleaseand
closedtheflareignitionswitch.Stabilizingfinsattachedtothe
rockethousingguidedtheejectedrocketona predictabletrajectory.

.
Thethruftofthe14-AS-1OOOrocketwastransmittedtothersm-jet

structurethroughtheflameholder,whereasfourbearingpadsattached
to therem-jetshellwereusedtotransmitthethrustofthe6-KS-3000
rocket.

To restricttheconibustor-inletvelocityduringram-jetignition,
analuminum%urnoutttplatewasattachedatthersm-jetoutletby means
ofreadilymeltedaluminmnlinks.Theplatewascutouttoprovide
clesrancefortherocketrollers,as showninfigure4. Thestsr-type
flameholder(fig.5) csrried12magnesiumflaresforignitionpurposes.
Theflareshada burningthe aboutequalto thatof theramjetin

. orderto ensurereignitionoftheenginefollowinganyin-flightblow-
outthatmightoccur.Thecombinedheatreleaserateof thetwelve
flsreswasconstantat 2600BtupersecQnd,whichconstituted13per-.
centofthetotalheatreleaseduringram-jetstartingwhenthefuel
flowwaslow. At theendoftheflighttheflareswere~rovidingonly
2 percentofthetotalheatrelease.Theprojectedblockedareaofthe
flameholderis 57percentof corbustorcross-sectionalarea.At a
combustion-chamber-inletMachnunberof0.24,thetotal-pressureloss
acrosstheflameholder- sprayringconibinationwasequalto shout
2.7timestheconilmstion-chsmber-inletdynamicpressure.

ThefuelsystemoftheF model(fig.6) differedconsiderablyfrom
thepreviousdesigndescribedinreference5;however,thebasicprinci-
pleof operationremainedthesame.Heliumstoredathighpressurewas
usedforexpdlingfuelandtheheliumpressurewasregulatedto givea
fuelflowratenearlyproportionalto free-streamtotalpressure.A
majorchsmgewastheuseofa castahminumpistonandcylinder-type
fueltankwitha 10.5-galloncapacityinplaceofthebladdertype.
Thischangewasmadeinorderto e33minateoccasionalfuelcellfailure.
Thehelim storagereservoirwaschangedfroma helicaltubeto a
sphericallyendedcylinder.SeveralmodMicationsweremadeinthefuel

. regulationsystem:An initialstageofheliumpressureregulationwas
incorporatedtoreducetheheliumtankpressureto 800~oundspersquare

Y
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inchattheinletto thefuel-pressureregulator,whereasformerlythe .
fuel-pressureregulatorwassti~ectedto theheliumstoragepressure.
Thischange,whichreducedtheimpactloadsintheregulatorvalveat
startingconditions,increasedreliabilityandalsoimprovedregulation

~-..

sensitivityat lowratesoffuelflow. A bleed-offportwasprovided
to allowregulatedpressuretodecreasera~idlyif sorequired.In
ordertopreventexcessivefuelflowduringa combustionblow-out,an

—

additionaldiaphragmwasaddedtotheregulatorto correctthefuel
pressureforvariationsin conibustion-chamber-inletstaticpressure,

—

thusmakingthefuelpressuredifferentialacrossthenozzlespropor- 1%
tionatetofree-streamtotalpressure.Form&ly,thenozzledifferen- %
tialpressurevsriedwithbothfree-streamtotalandcotiustion-chaniber-
inletstaticpressures.Springloaded,variable-area-typefuelnozzles
wereusedforbothenginesreportedhereinratherthanthefixed-
orificetypepreviouslyused.Fuelusedthroughoutthetestswas
unleadedtiviationgasoline.

Theweightoftheengine-boostercombinationatreleasewas
711poundsandtheweightoftheengineatr_--jetignitionwas

—.

536pounds.
——

INSTRUMENTATION

A rader-trackingunit,typeSCU?-584,withopticaltrackingfacili- .
tieswasusedto determinethepositionofthemodelinspaceat
a~roximatelyO.1-secondtimeintervals.

--
Velocitiesofthetindsaloft

areobtainedby radartrackinga weatherballonwhichisreleasedimme- .
diatelyafterthemissiledrop.

TheC modelenginecarriedaneight-channeltelemetering‘trans-
mitterslmilsrto thatdescribedinreference2. TheF modelcsrried
a ten-channeltelemeteringtrsasmitterwithtwoswitchedchannels
allowing12measurements(seefig.3)tobe made. Accelerationwas
measuredby useoftwoaccelerometers,onemeasuringacceleration(-1
to 13gfs)andtheothermeasuringdeceleration(Oto -10gfs).

Thefuelflowwasdeterminedfromthepressuredifferentialacross
a calibratedventuri.Theventurireplacedtheorificeusedinthe
fuelmeasuringsystemoftheC models.Inordertomeasureaccurately
thewiderangeoffuelflow,twomeasur-ntsweremadeofventuridif-
ferentialpressure- onewitha lowrangecapsule(Oto 5 l.b/sqin.

1
differentialandtheotherwitha highrangecapsule(Oto 50lb/sqin.
differential. Thetotalpressuresat stations2 and3 weremeasured
by tapered-slottypeaveragingtotal-pressureprobesofthekind
describedinreference7. Totalpressureattheengineoutletwas
measuredby a copper-cooledrake,as showninfigure7. Therakewas

,
:

.
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. constructedof Inconelwitha coppercore.Theprojettingtnibeswere
madeofmolybdenumdisilicide.Whentherakeis immersedina high-
temperaturestream,thecopperabsorbstheheattransferredtothe. outerInconeltubesndmaintainstherakeat a stietemperaturefor
theshortthe required.

CALCUIA!TIONPROCEDURE

Thevelocityandthefree-stream~ch nuniberoftheenginesduring
flightwerecalculatedfromtelemeteredtotalandstaticpressuresand
by integratingthetotalacceleration.Theusualcomparisonof the
velocitybasedonthetelemeterrecordswiththatobtainedfromthe
radardatacouldnotbe madeforthesetwoflightsbecauseof incomplete
radarrecords.Integratedaccelerationiscorrectedforwindvelocity.

Anibient-airtemperaturewasobtainedfroman atmosphericsurvey
madeby thelaunchingairplaneimmediatelytiterthecompletionofthe
ram-jetdrop.

Airflowthroughtheenginewascalculatedfromthestaticand
dynamicpressuredataat station2 us- a totaltemperaturewhichwas
assumedecpaltofree-streamtotaltemperature.Theflowconditionsat
thediffuserexit(station3)werethencalculatedfromone-dimensional

. flowtheory.Thesreaat thediffuserexitisconsideredequaltothe
entirecross-sectionalareaoftheccmibustionchsmiber.Thetotalpres-
sure,howeyer,forconvenienceismeasuredintheannularareajust

-1 sheadofthefuelsprayring. Thetotal-pressuredropacrossthefuel
sprayringandflameholderwasdeterminedfromcalibrationrunsmade
withno combustion,andthispressuredropwasusedto calculatethe
flowconditionsimmediatelydownstresmoftheflameholder(station4).
!Ihustheflowconditionspresentedforstation3 arebasedon a flow
areaof1.4squarefeetandthetotalpressureaheadofthefuelring.
Thecomputedflowconditions-justbeforeconibustion(station4),
althoughbasedonthessmeflowerea(1.4Sq j?t)>take intoaccountthe
pressurelossacrossthefuelsprayringandflameholdercombination.
Becausetheinjectedfuelisassumedstilltobe intheliqtidstate,
theeffectoffuelmassflowisnotincludedintheflowcomputations
forstation4.

Theflowconditionsaftercombustionwerecalculatedusingthe
continuityexpressionformassflow.Withchokingattheexit,the
exitMachntier at station7 isassunedequalto 1.0,andthemass
flowiseqyalto thecomputedairflowat station2 pluEthefuelflow.
Themeasuredtotalpressureat station7 andanassumedspecificheat
ratioy areusedinthecontinuityexpressionto solveforanexit*
statictemperature.Theprocessisrepeateduntiltheasswed y is
thatwhichcorrespondstothecomputedtemperature.

w
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Netthrustwascalculatedasthedifferenceinthemomentumof the ●

exhaustgasesattheengineoutletandthenmmentumofthefree-stresm
air. Externaldragwasdeterminedasthedifferencebetweenthenet
thrustandtheproductofthenetaccelerationtfmestheinstantaneous

r

massoftheengine.Thrustandexternal-ti-Sgcoefficientswerecalcu-
latedonthebasisofthemaxhmmcross-sectionalareaof 1.4square

-.

feet.

Mass-flowratioor capturearearatiowascalculatedastheratio
of actualinternalairflowtotheairflowina free-streamtubehaving 1%
a diameterequaltothatoftheinletlip. Maximumpossiblemass-flow &_
ratioor ~ wascalculatedfromconeflowtheory.

Cotiustionefficiency~c wasdeterminedastheincreasein
enthalpyofthefuel-airmixtureacrossthecombustionchamberdivided
by theavailablechemicalenergyofthefuelandflares.

Thediffuser.pressurerecoveryat stations2 and3 wascalculated
astheratiooftheobservedtotalpressureinthediffusertothecal-
culatedisentropictotalpressurePO correspondingtotheobserved
anibientpressureandfree-streamMachmmiber.

Thespecificfuelconsumption,definedastherateoffuelflowIn
poundsperhourdividedby poundsof thrust,wascalculatedonthebasis
ofnetthrust(designatedTSFC)andalsoonthebasisofpropulsive
thrustorthrustminusdrag(designatedPSFC!).

Theengineefficiencyparameter~e/~cisdefinedaspoweroutput
dividedby powerinput,correctedto100percentcombustionefficiency,

where

(T-D)

Vo

Ve

Vc
Wf

h

7e (T-D)VO

Vc‘= ~c(Wfh+H)778

thrustminusbag (orpropulsivethrust),lb

free-streamvelocity,ft/sec

engineefficiency

codmstionefficiency

fuelflow,lb/see

heatingvalueoffuel,Etu/lb

●✎

✎

—
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H heatreleaserateofflares,Bt~sec.

7

778 mechanical
.

Theremaining
inreference2.

20-lm

,equivalentof heat,ft-lb/Btu

equationsusedinthesecalculationsarepresented

RESULTSANDDISCUSSION

BoosterSeparationandRem-JetIgnition

Timehistoriesoftheboosterseparationtoram-set
ofthetwoflightsareshowninfigure8,whichpresents

ignitionphase
Machnuuiber,

acceleration,andfuelflowagainsttime;Figure8(a)fortheC engbe
showsthattheenginewasboostedto a Machnumberof1.23within
19 secondsafterrelease.Rocketburnoutis indicatedbytheabrupt
dropinacceleration.Completionofrocketseparation,fuelrelease,
andrem-setignitionareindicated-bytheincreaseh accelerationat
20 seconds;intermittentburningtakesplaceuntil21.9secondswhen
theexitflowrestrictorburnsout,causinga momentaryblow-outfol-
lowedby normaloperationat 23 seconds.Part(b)offigure8 shows
thattheF enginewasboostedto a Machnmiberofalmmst1.55within
12.7secondsafterrelease,andthat3.8secondswererequiredfor
rocketseparation,fuelrelease,andsteadyram-jetignition.. Separa-
tionandfuelreleaseoccurredat 13 secondsandsteadyrsm-~etcodms-
td.onstartedat 16.5seconds.Theejectionoftheexitrestrictortakes
placeat 18.1secondsandwithin0.2secondtheassociatedticreasein
thrustisevidencedbya riseinaccelerationat 18.3seconds.

Completeflighthistoriesoffree-stresmMachnuniber,acceleration,
andaltitudeagainsttimeforthetwoenginesareshowninfigure9.
TheC engineacceleratedto a maximmmMachntier of 1.59tithti
28.4secondsafterrelease.At thatpointtheconibustorblewout
becauseof anexcessivelyrichfuel-airratio.Theaccelerationreached
a peakvalueof 2.5glsJustbeforeblow-out.TheF enginehadreached
analtitudeof 18,000feetat 26secondsandhadacceleratedto a maxi-
mumkch nuniberof 2.20whentheenginewasdestroyedby ane~losion,
whichisthoughtto haveresultedfrcma structuralfailureinthefuel
system.Themaximmnaccelerationattainedduringboosteroperationwas
6.9gfsandduringtherem-Jetoperation,5.7g~s.

EnginePerformance

Inasmuchastheperformanceof theC modelis similartothatpre-
h sentedinreference5,theperformancedataforthisenginesrenotpre-

sentedherein.Timehistoriesof theimportantvariablesforthe
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F modelarepresentedinfigure10. Thisfigurehasbeenarrangedin
parts(a)to (c)describingfree-streamconditions,diffuserandcombu6-
torconditions,andbasicperformancep=ameters,respectively.

Infigure10(a),itcanbe seenthattheReynoldsnumber(basedon
bodylength)variedfrom22,000,000to154,000,~0duringtheflightand
thatthefree-streamtotaltemperatureandpressurereached~imum
valuesof 904°R and12,000poundspersqtiefootabsolute,respectively.

Thetotalpressuremeasuredat stations2,3,and7,thestaticpres-
sure,temperature,velocity,andMachnumbercalculatedforstation3,
andthefuelflowareshowninfigure10(b).Thebasicengineperform-
anceparametersofthrustcoefficient,thrustminusdragcoefficient,
total-temperatureratio,fuel-airratio,andconibustionefficiencyare
presentedinfigure1O(C).Theconibustionefficiencyattaineda maximum
valueofonly61percentbeforethesuddenenrichmentbroughtonby the
sprayringfailurenesrtheendoftheflightcausedtheefficiencyto
declinerapidly.Factorswhichprobablycontributetothecomparatively
lowcombustionefficiencythroughouttheflightincludethelowinitial
temperatureofthefuelandtheuniformtypefueldistributionpattern,
whichforestallsrichblow-outby eliminatingregionsof excessivefuel
concentrationatrichmixturesbutdoesnotprovideforefficientopera-
tionintheleanrange.

Thesetimehistoriesprovidea convenientmethodofpresentingthe
basicinformationontheflightperformance-ofthisengineaswellasof
indicatingtherateof changeofthevariables.However,forpurposes
ofanalysis,theimportantparameterssreplottedagainstfree-stream
Machnmnber.

DiffuserPressureRecovery

Thepressurerecoverydataasmeasuredat stations2 and3 axeshown
infigure11. Valuesofconibustion-chsmiber-inletMachnumberM3 are
indicatedforeachdatapointanda linerepresentingapproximately
critical~ isfairedthroughthedata.war criticaloperationwas
obtainedintheMachnumberrangefrom1.57to 2.10,duringwhichtime
thediffuserpressurerecoverydecreasedfrom0.92to 0.88.Thetheo-
reticalshockrecoveryforthediffuseris shownby a dashedline. It
isinterestingthatwithcriticaloperation,thetheoreticalrecovery
of0.93is approachedat station2 for ~ of 2.1. This high recovery

indicatesthatthefrictionlossfromtheinletto station2 (approxi--
mately27in.)isnegligibleendthatstructuraltolerancesandfinish
imperfectionsofthissheetmetalflightmodelhavenotadversely
affecteddiffuserrecovery.Therecoveryat station3 indicatesa fric-
tionlossof about0.05betweenstations2 and3 undercriticaloperating
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conditionsat Mo of 2.1. At ~ of approximately2.1,theheataddi-.
tiondecreased,allowingthediffuserto operates~ercritically.The
dropinpressurerecovery

* losses.
above MO = 2.10 reflectsthese

ThrustCoefficient

supercritical

N4m Foranengineoffixedgeometryat zeroangleofattack,thethrust
N coefficient~ isprimarilya functionof ~ and p2T. ‘Fhethrust

coefficientisplottedagainst~ infigure12withvaluesof 1.L2T

indicatedforeachdatapoint.Thevalueof V% up to ~ of 2.10is
closeto criticalanda linerepresentingthiscriticalconditionis
fairedthroughthedata.Withcriticalheataddition,thethrustcoeffi-
cientincreasedfrom0.56at l@ = 1.57 to0.82at Mo = 2.10.At this
point,theheatadditiondropsbelowcriticalandthethrustdiminishes
accordingly.Thedropinheatadditionisbelievedtohavebeencaused
by a
sive

.

—.
structuralfailureinthefuelnozzlemanifoldwhichletan exces-
amountofanatomizedfuelintatheconibustor.

DragCoefficient

Withthethrustdefinedasmomentumchangeof theinternalairflow
andfuelflowfromfreestreamtoengineoutlet,thetotalexternaldrag
includesadditivedrag(seeref.8 fordefinitionof additivedrag)as

- we13.as skin-frictiondragandcowl-pressuredrag.At a givenMo the
importantvsriablesffectingadditivedragandcowl-pressuredragis
mass-flowratio m/~; thereforem/~ isplottedagainst~ infig-
ure13. Althoughthenominaldesign~ of theengineis2.4,m/mo
approaches1.0at ~ ofapproximately2.2. tie discrepancyisdueto
structuraltolerancesinthefabricationof theengine,theactualinlet
areabeingluger thanthenominaldesignarea.A convenientindexof
flowconditionsfora giveninletconfigurationistheparameter
(m/mo)(1/P),where ~ isthetheoreticalmaxim.nnattainablemass-flow
ratioforthatconfigurationatthegiven ~. Thuswhen (m/~)(1/p)
isapproximately1.0,theengineisoperatingcriticallyor supercriti-
callyandvalueslessthan1.0wouldindicatemibcritica.1operation.
Thetotal-external-dragcoefficientisplottedagainstMo infigure14
withVdueS of (4w )(l/p) in~catedforeach~ta pofit.TheseV~U=
areapproximately1.0throughouttheflight,indicatingnesr-criticalor
sqpercriticaloperation.Theestimatedfriction-dragcoefficient(based
on themaximumcross-sectionalarea)isindicatedby thedashedlineon.
thedragcurve.Theverticaldistancebetweenthesolidanddashedlines

.
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thusrepresentsthesumofthecowlpressureandadditivedrags.The
frictiondragoftheenginewasobtainedfromreference7,whichpresents
skin-frictioncoefficientsdeterminedinflightfora C typeengine.The
dktaofreference7 wereextrapolatedtothehigherMachnuniberand
Reynoldsnwiberattainedinthisflightby useofreference9. The
externalwettedsreaoftheF enginetowhichtheskin-frictioncoeffi-
cientswereappliedwas76.6sqparefeet.

Inasmuchastheflowpsmameter(m/mo)(1/~) tidicatesthatapproxi-
matelymaximumpossibleairflowisbeingtskenintotheenginethrough-
outtheflight,theadditivedragisa minimumandthistotal-dragcurve
representstheminimumdragconditionforthisengine.Subcritical
operationwouldincrease-thedragfromtheminimumvalues.Althoughthe
additivedragisata minumum,itneverthelessmakesup a majorpartof
thetotaldraginthelowerMachnuuiberrangebecauseofthelowmass-
flowratiosindicatedinfigure13. At ?@ of 1.57,thesumofthe
additive-andcowl-pressure-dragcoefficientsbasedontheestimated
frictiondragisapproximatelyO.21orabouttwo-thirdsthetotal
external-dragcoefficientof0.34;at ~ of 2.10,thesumofthe
additive-andcowl-pressure-dragcoefficientshasdiminishedtoapproxi-
mately0.07orabout40percentofthetotalexternal-dragcoefficient
of 0.18.With m/mo equalto 0.99at ~ of 2.17,theadditivedrag
isapproachingzeroandthetotal-dragcoefficientof0.14resultspri-
marilyfromfrictionandcowl-pressuredrags.Basedontheestimated
frictiondrsg,thecowl-pressure-dragcoefficientisapproximately0.04
at ~ of 2.17.

—

—

—
.-

—

-w .—

PropulsiveThrustCoefficient

Thepropulsivethrustcoefficient,orthrustminusdragcoefficient
(~ - CD),fora fixed-geometryengineat zeroangleofattackisalso
primarilyfunctionof ~ and N2T. The (CF- CD) isplottedagainst
~ infigure15withvaluesof p2T again@dicatedforeachdata
point;a lineof criticalW2T fairedthroughthedatarisesfroma
(CF- CD) of 0.22at MO of 1.57to a maxi- of 0.64at I@ of 2.10. -
Thesteeperslopeofthe (~ - CD) curveas comparedwiththe ~
curveisdueto a decreasingdragcoefficientatthehighervaluesof
%-

SpecificFuelConsumption

ThethrustspectiicfuelconsumptionTSFC andpropul.sivethrust
specificfuelconsumptionPSFC oftheenginearepresentedinfig-
ureI-6.Inordertogeneralizethecurvesforcomparisonpurposes,the

.
.—

.
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* actualspecificfuelconsumptionhavebeen multipliedby Vc so that
the valuesshowncorrespondto 100 percent Tic.Thesefuel consumption

* parametersare plottedagainst ~ and valuesof LL2T are indicated

for each datapoint. The fuel consumptionis also shownin termsof
specificimpulseby use of the compoundordinatescale. Inasmuchas the
specificimpulseis am inversefunctionof the specificfuel consumption,
the discussionof specificfuel consumptionappliesin an oppositesense

~ to specificimpulse.
H)’

With TIcelhinatedasa variable,the TSFC of a fixed-geometry
enginevariesprimarilywithMachnumber,free-streamstatictemperature

‘o‘ and V2T. At constant M. and to, the TSFC wouldbe expectedto

decreasewith V% down to the criticalvalue of W2T,beyondwhich
furtherreductionsof 1.J2Twill.resultin an increasein TSl?C.In the
regionof this minimumpoint,variationsin 1.L2T,at constant Mo and
to, will affectthe TSFC only slightly. It is in this rangethat this
engineisoperating;thereforelittlevariationfromthecriticalcurve
isapparentforthesupercriticaloperationattheendoftheflight.
Theslightincreaseh TSFC withincreasing&@ shoveabout1.8is
theresultofthefallingdtifuserpressurerecoveryandtheincreasing
free-stresmtemperatures.As indicatedinfigure10(a),thefree-stream
statictemperaturehasincreasedfrom420°to4540R duringthechange

. in ~ froml.57to 2.17.An over-allincreaseinthe TSFC fromthe
lowertothehigher~ of 7.8percentisobserved;one-halfthisrise
isattributedtotemperatureeffect,thespecificfuelconsumptionat
constant~ and @T beingproportionalto thesquarerootof to.

The PSFC ofa fixed-geometryengineismuchmoresensitiveto Mo
thanthe TS?C becauseoftheadverseeffectsof off-designoperation
on drag.Becauseit isbasedonthenetpropulsiveforceproducedby
theengine,the PSFC isthemore@mrtant factor.With Mo varying
from1.57to 2.17and to from420°to 454°R, an over-alldecrease
inthePSFC(alsocorrectedto100percentconibustionefficiency)from
5.25to 2.90maybe notedinfigure16(b).Correctionto a temperature
of420°R wouldlowerthe PSFC at an ~ of 2.17toapproximately2.8.
Aswouldbeexpectedundernearcriticaloperatingconditions,the PS?C
nearsa minimumasthedesignMo isapproached.

EngineEfficiency

A parameterreflectingthecdined effects. blesonengineperformanceisengineefficiency.
viouslydefinedefficiencyequationreveals

.
that

:.

of the iqportantvsxia-
Analysisof the pre-
theimportantvariables
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affecting
ciencyof
valuesof

efficiencyfora givenengineare p2T and Mo. Theeffi- *

thisengineisthereforeplottedagainst~ infigure17with
p% indicatedforeachdatapoint.A Mne correspondingto . —

approximatelycriticalW% isfairedthroughthedata.Withapproxi-
matelycriticalconditionstheefficiencyincreasesrapidlywithincreas-
= ~, risingfromO.07at MO of 1.57to 0.18at MO of 2.10.With
slightlysupercriticaloperation,theefficiencyreachesa maximumvalue
ofabout19percentat ~ of 2.17and V2T of 2.90.

SUMMARYOFKESULTS

Dataobtainedfromtheflightofa rocket-boosted,air-launched
ram-jetenginewitha nominaldesignfree-streamMachnumberof 2.40 ..
providedthefollowingresults:

1.A satisfactoryboostingtechniquehasbeendevelopedinwhich
themodelisacceleratedto supersonicspeedby anauxiliaryrocket,
whereupontheengineisignitedandbecomescapableof seM-acceleration.

2.A maximumMachnunberof 2.20wasachievedwithsteadyco?ibus-
tionbeforea fuelsystemfailureresultedin.anexplosionwhich
destroyedthenmdelwhileinflight.

3.NesrcriticaloperationwasobtainedintheMachnuaiberrange
from1.57to 2.10,duringwhichtimethediffuserpressurerecovery”
decreasedfrom0.92to 0.88.A comparisonwiththeoreticalrecovery
acrosstheobliqueandnormalshocksindicatesa constantfrictionloss
throughthediffuserofabout5 percent.S~ercriticsJ.operationwas
obtainedfroma Machnrmiberof 2.1to theendoftheflight.

4.TheincreaseinMachnuniberfrom1.57to 2.10wasaccompaniedby
an increaseinthrustcoefficientfrom0.56to 0.82,whiletheetiernal-
dragcoefficientdiminishedfrom0.34to0.18.Thecorrespondingrise
inpropulsivethrustcoefficientwasfrom0.22to 0.64.

5.Mass-flowratiosobtainedcloselyparalleledthemeximumthee-
reticalvaluesthroughouttheflightandhadreacheda valueof0.99at
a Machnuuiberof 2.17.Theexternal-dragcoefficientatthisnearmini.
mumadditive-dragconditionwas0.14.

6.Thespecificfuelconsumption,basedonpropulsivethrustand
correctedtoa combustionefficiencyof1.(M,reacheda minimumof 2.90
ata Machnuniberof 2.17.

—

.=

— .—

.

.
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. 7.Over-allengineefficiency,whencorrectedto a
ciencyof1.00,steadilyincreasedfroma valueof0.07
of 1.57to 0.18ata Machnumberof 2.10.
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